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Abstract
The hairpin ribozyme is an RNA enzyme capable of cleaving RNA substrates in a 
site-specific and phosphodiester cleavage reaction. This property has made the ribozyme 
useful for gene therapy applications where cleavage of a specific RNA would be optimal 
in inhibiting the further replication of a specific disease. This would be accomplished 
through the control of cellular RNA levels on specific genes. Three different hairpin 
ribozymes have been identified, including the tobacco ringspot virus satellite RNA 
(sTRSV), the arabis mosaic virus satellite RNA (sArMV), and the chicory yellow mottle 
virus satellite RNA (sCYMV). Of the 64 bases within the sTRSV ribozyme, six are 
required for catalytic activity. In addition, there is a base-pair preference in helix 2 
between the substrate and the ribozyme (Cs4 and Gu). Few experiments have been 
performed on the sCYMV hairpin ribozyme, which is why I decided to perform base-pair 
mutations on this purine/purimidine pair. It has been suggested that in the sTRSV, Gu is 
the only required base for catalytic activity within any of the helices in the ribozyme. In 
order to further expand the understanding of the desired sequence for optimal cleavage of 
RNA substrates, positions Cs5 of the substrate and Gn of the ribozyme were evaluated for 
random base-pair mutations within the sCYMV hairpin ribozyme. Each of the mutations 
was analyzed for degrees of cleavage. As the sCYMV cassette was synthesized using 
Hindlll and BamHl primers, the Cs5 and G il positions were inserted with random 
bases. The synthetic oligonucleotides were HPLC purified prior to their use in PCR 
primer dimer amplification. A restriction digest was conducted to cleave both the vector 
and PCR product at the desired restriction sites. After a gel extraction, the PCR insert was 
ligated into the vector and a bacterial transformation was performed. This was then
followed by a complete plasmid preparation, after which dilutions were taken for DNA 
sequencing. After the sequencing had been completed, the base-pair mutations were now 
able to be determined. Although some mutations were successive among the nine desired 
compensatory mutations, six base-pair mutations had been achieved. These mutations 
include: Cs4G:Gn C, Cs4A:Gu U, Cs4A:Gn, Cs4:GnA, Cs4:Gn C, and Cs4:Gn U. These 
combinations were then linearized using Hindlll and transcribed with P-32 CTP. After 
transcription, each of the mutants was assessed according to the rate of cleavage using 
nonlinear regression analysis. The results of this experiment will show base-pair 
preferences for various degrees of cleavage among RNA substrates.
Introduction
The hairpin ribozyme, originally derived from the negative strand of the tobacco 
ringspot virus satellite RNA [(-)sTRSV], belongs to a family of RNA endonucleases 
capable of catalyzing phosphodiester cleavage, (DeYoung et al., 1995). Since its 
discovery, two other hairpin ribozymes have been identified to include the arabis mosaic 
virus (-)ArMV and chicory yellow mottle virus (-)sCYMVl (see figure 1). All of these 
ribozymes conform to the two-dimensional structure of the (-)sTRSV consisting of four 
helices and five loops. Two of the helices are formed between the ribozyme and the 
substrate, forming loops 1 and 5; the remaining loops are formed due to the formation of 
helix 3 and 4 (Shippy et al., 1997). Phylogenetic comparison of all three naturally 
occurring ribozymes have 8 conserved regions throughout the ribozyme, suggesting that 
the regulation of substrate selection is found in the variable nucleotide sequences between 
the ribozyme-substrate complexes (see figure 2). Cleavage occurs in the substrate region
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at loop 5 through the separation of the phosphodiester bond between As5 and Gs6 (Hampel 
et al., 1998). Self-cleavage can only occur once the ribozyme has attained its tertiary 
structure, accomplished through the interaction of the bases in loops 2 and 4 with those of 
loops 1 and 5.
Within the sCYMV hairpin ribozyme are various significant base pair interactions, some 
of which have been examined. The Watson-Crick base-pair at positions CS4 and Gn of the 
ribozyme are mutated in this experiment to determine base pair preferences for optimal 
cleavage. Because these bases are in the conserved region of the ribozyme, mutational 
analysis will provide information specific base pair requirements for maximum catalytic 
activity. Understanding the function and structure of the hairpin ribozyme may be 
valuable for increasing its catalytic activity, ultimately improving its ability for gene 
therapy (Siwkowski et al. 1996). Cleavage of HIV-1 genomic and mRNAs by the hairpin 
ribozyme in vitro has already been accomplished and is currently being used as an AIDS 
therapeutic. (DeYoung et al. 1995).
Materials and Methods
The cis-cleaving sCYMV ribozyme-substrate complex (see figure 1) was 
produced using DNA synthesis, yielding two different single-stranded DNA 
oligonucleotides. One strand contained two randomized positions corresponding to CS4 
and Gn in the sCYMV hairpin ribozyme. The other strand overlapped the randomized 
strand by complementary base pairing (see figure 3a). HPLC was then used to purify 
these synthesized oligonucleotides. Double-stranded DNA molecules containing 
complete restriction sites for BamHI and Hindlll were synthesized using PCR by the
extension of the primer dimers, (see figure 3a). These randomizations represent a total of 
sixteen different compensatory mutations among the oligos. The PCR insert and the 
vector, pL2GMC, were then digested using BamHI and Hindlll restriction enzymes (see 
figure 3b ). This digestion consequently creates the "sticky" ends of the insert and the 
compatible "sticky" ends within the vector to be incorporated with one another during 
ligation. After the digestion was completed, the gel slices from both the insert and the 
vector were extracted and prepared for ligation. Because both enzymes produce 5’ and 3’ 
overhangs, self-ligation is hypothetically excluded. The insert was successfully 
incorporated into the vector and verified by two distinct bands located on a 1% agarose 
gel. Subsequent to ligation, the cloned plasmid was transformed into competent bacteria 
and plated on agar plates combined with Ampicillin resistance. Thus, individual colonies 
containing the cloned plasmid were selected and cultured in antibiotic media at 37° 
overnight.
Following innoculation, the bacterial DNA was purified by means of a plasmid 
preparation. The bacterial DNA cells are salvaged through centrifugation and lysed using 
a series of solutions. The bacteria are solubilized using an ionic solution, then lysed 
through the use of an alkaline detergent solution, and finally neutralized to enable the 
precipitation of genomic DNA. Excess RNA is then degraded using an RNase cocktail 
following an ethanol precipitation. A series of phenol/chloroform extractions, 20% 
PEG6000 precipitation, and an ethanol precipitation completed the purification. The pellet 
is dried using a speed-vacuum and then resuspended in 25|il of water. Dilutions were 
made for sequencing (.25|ig/jil) based upon the optical density readings. The DNA was 
then sequenced in order to determine the random base mutations of the CS4 and Gi i
5positions and to verify the remaining coding sequence of the prospective transcript. The 
DNA is sequenced using 3’-dye labeled dideoxynucleotide triphosphates. Each of the 
four dideoxy terminators is marked with a different fluorescent dye. The expanding chain 
is concurrently terminate and labeled with the dye that corresponds to that base. The 
complete sequence is determined through a series of annealing, extension, and 
denaturation. Among the 32 plasmid preparations conducted, 7 compensatory mutations 
were obtained.
After DNA sequencing, the mutants were chosen for transcription based on those 
with the highest concentration. Prior to transcription, both the mutant and wild-type 
clones were linearized (5jig/pl) using Hindlll for 3 hours at 37°C and then purified using 
a phenol/chloroform extraction and ethanol precipitation. The transcription reactions 
were initiated by adding 50pl of transcription batch mix to each tube at the top of each 
minute. A total of 20pl was removed at 10 min, 20 min, and 30 min and added to 20pl of 
form dye in order to stop the reaction. After completion of the reactions, the samples 
were heated to 90°C for 2 minutes, snap cooled on ice, and loaded on a 10% PAGE, 7M 
urea gel. The gel ran for three hours and was then wrapped and exposed for two hours. 
Autoradiography was used to detect RNA in order to extract the bands analogous to the 
uncleaved RNA (full size) and 3' product positions (see figure 4). The amount of 
radioactivity per gel slice was determined through the use of a liquid scintillator counter 
and the data was collected. The cleavage rates were then determined using nonlinear 
regression analysis of the final time points using the equation:
uncleaved fraction = [(l-b)(l-e'*')/fo]+b
The k value (min'1) refers to the unimolecular rate constant for self-cleavage and b 
is the uncleaved fraction of full-size RNA (see figure 5). The kinetic data obtained from 
these curve fits was used to calculate cleavage rates for each mutant (see table 1). These 
rates were finally compared to wild-type to determine base-pair mutations on the rates of 
self-cleavage in the sCYMVl hairpin ribozyme.
Results and Discussion
The cis-cleaving sCYMVl hairpin ribozyme (figure 1) had each base in positions 
Cs4and Gn mutated to all non-wild-type nucleotides. Each clone was created through the 
ligation of the insert within the pL2GMC plasmid. Transcription/cleavage activities of 
both the wild-type and mutants (figure 4) demonstrate that there is a preference for 
specific bases to reach optimal cleavage levels. Non-linear regression analysis of 
cleavage was accomplished using the equation:
uncleaved fraction = [(l-b)(l-e*k,)/kt]+b
in order to determine the unimolecular rate constant (k) for self-cleavage (see figure 5). A 
comparison was made to the wild-type (kwt/kmut) (see table 1). Only two of the mutants 
had uncleavable fractions (b-values) within a detectable range. Each mutant was analyzed 
individually as follows:
• A s4:G ll- The mutation of a purine to a pyrimidine in the substrate region decreased 
activity by 15x compared to wild-type. Although the reduction rate exceeds the
accepted reduction rate of lOx, catalytic activity is still maintained at a 78% cleavage 
rate. This suggests that stabilizing the native base in one of the two positions still 
allows most of the self-cleaving activity of the original ribozyme.
U s4:Cll- This mutation resulted in a 47x reduction in catalytic activity, suggesting 
that a pyrimidine/pyrimidine base-pair is not preferred for maximum cleavage.
Cs4:A ll- Close to 99% cleavage is maintained in this mutation, resulting in only a 
9x reduction in cleavage rate. Maintaining the native base in the substrate and still 
sustaining a purine in the ribozyme agrees with the theory of purine preference at 
position G11 of the ribozyme.
Cs4:C ll- This mutation suggests a purine preference within the ribozyme. Cleavage 
rates are reduced 23x compared to wild type. The previous mutation maintained the 
original Cs4 position, but a purine was present, resulting in near complete cleavage. 
Cleavage activity reached only 11% with a pyrimidine in the G11 position.
Cs4:Ull- Cleavage activity decreased exceedingly to 288x the rate of wild-type. The 
decrease in catalytic activity can most likely be contributed to the lack of a purine in 
the ribozyme position.
G s4 :U ll- Because one of the native bases was maintained in this mutation, the 
cleavage rate was reduced by only 5x to produce 81% cleavage activity. Although
there is no purine present in the ribozyme position, the native, base still enables most 
of the catalytic activity to occur.
• G s4:C ll- This mutation, a native base-pair flip, resulted in almost 100% cleavage 
with only a 1.2x reduction in cleavage rate. This result suggests that cleavage rates 
are also determined by the type of base-pairing between the ribozyme and the 
substrate. Watson-Crick base-pairing is preferred among DNA arrangements.
The mutations made in positions Cs4 and G il of the sCYMVl hairpin ribozyme 
brought about two overall suggestions for optimal activity. One suggestion is the 
preference of a purine in the G„ position to bring about maximum cleavage activity. This 
purine propensity could be due to the helix stabilization caused by purine being the last 
base unpaired on the 3' end of a helix (Shippy et al., 1998). Cleavage rates close to those 
of wild-type were found in mutations that did not have a G,, in the ribozyme, such as 
mutants Cs4:An, Gs4:Un, and Gs4:Cn . These results disprove the suggestion that G,, is 
required for catalytic activity. The other possibility for optimal cleavage is the presence 
of Watson-Crick base pairing. These pairs are complementary and serve as templates for 
one another. In addition, their hydrogen bonds and distance between the 5' carbon atoms 
are nearly the same. These features make G-C and A-U (T in DNA) optimal base pairs 
for RNA/DNA stability. Although these results are practical and are supported by 
previous experiments, more analysis of these positions must be done. A complete 
mutagenesis with every nucleotide in the Cs4 position and both purines in the G il 
position must be analyzed to conclude the theory of purine preference in this ribozyme
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Figure 1: Two-dimensional model of the cis-cleaving sCYMV ribozyme- 
substrate complex. This model contains the standard five loops (1-5) and four 
helices (1-4) from the original sTRSV hairpin ribozyme (Hampel et al., 1990). 
Mutagenesis was conducted at positions Cs4 of the substrate and Gn of the 
ribozyme, both located in helix 2. The boxed area displays the Watson-Crick Cs4 
and Gu base pair modified in this study.
sCYMVl cis-cleaving construct 12
W Substrate RNA
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Figure 2. This figure represents the three naturally occurring hairpin ribozymes in 
cis form: sTRSV, sCYMV, and sArMV satellite RNAs. The boxed areas represent 
the conserved regions among all three ribozymes. Although all three ribozymes 
have nearly the same cleavage rates, the sCYMV ribozyme exhibits the greatest 
amount of cleavage activity in cis form. sTRSV has the highest rate in trans form.
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Figure 3a: The transition from synthesized primers into the cloned plasmid is 
illustrated in this figure. The first set of nucleotides denotes the sequences used as 
PCR primers for the synthesis of the oligonucleotides. Each of the five letters 
represents a nucleotide base as follows: (A) Adenine, (C) Cytosine, (T) Thymine, 
(G) Guanine, and (N) a random nucleotide. The compatible ends of the insert and 
those of a given vector can be created using these primers to create specific 
restriction sites. These particular primers generate sites capable of being cleaved 
by BamHI and Hindlll, shown in the double-stranded sequence. After a restriction 
digest is completed using the specific restriction endonucleases BamHI and 
Hindlll, "sticky" ends are generated that are capable of being ligated into a vector. 
These 5' and 3' overhangs are demonstrated in the third sequence.
BamHI primer








5 ' - AGAACTAGTGGATCCTTTTTTTTTTTTGCGNAGTACTGTTTCCTCCAAACAGCGAANCGCGCCAGGGAAACACACCATGTGTGGTATATTATCTGGCAGTCGACCTGCAGGCATGCAAGCTATCGATACC -  3 ' 
3 • -TCTTGATCACCTAGGAAAAAAAAAAAACGCNTCATGACAAAGGAGGTTTGTCGCTTN3CGCGGTCCCTTTGTGTTGGACACACTACATAATAGACTGCGACGTCCAGCTGTGCGCATTCGATAGCTATGG-5'
Restriction Digest (Hindlll) /  
Gel Isolate
Bam ll Hindlll
5 '  -GATCCTTTTTTTTTTTTGCGNAGTACTGTTTCCTCCAAACAGCGAANCGCGCCAGGGAAACACACCATGTGTGGTATATTATCTGGCAGTCGACCTGCAGGCATGCA-3 •
3 ' -GAAAAAAAAAAAACGCGTCATGACAAAGGAGGTTTGTCGCTTCGCGCGGTCCCTTTGTGTTGGACACACTACATAATAGACTGCGACGTCCAGCTGTGCGCATTCGA-5'
1
 Ligation into pL2GMC
) )
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Figure 3b: After these digests are isolated from the gel, they can be ligated into 
the plasmid. The construct for the pL2GMC vector is shown in this figure along 
with the double-stranded DNA sequence containing BamHI and Hindlll restriction 






Figure 4: Cleavage of the sCYMV hairpin autocatalytic RNA. Each panel 
represents the mutated wild-type base of the Cs4 and Gn positions. After 
linearization, the plasmids were transcribed for 30 minutes to allow both 
transcription and cleavage of the RNA. The composition of the transcription 
reaction is as follows (per reaction): 25|il of DNA, 37|xl transcription mix, 8M1 
lOmMNTPs, 2pl P-32 CTP, l|xl RNase inhibitor, and 2p,l T7 RNA polymerase. 
Transcription was initiated by the addition of 50pl T-mix. 20)0,1 was aliquoted 
every 10 minutes thereafter for 30 minutes. Termination of the reaction was done 
by the addition of 20|il of formamide dye. The reactions were heated to 90°C for 
two minutes and then snap-cooled on ice. The samples were then loaded on a 
10%PAGE, 7M urea gel and run for three hours. After the RNA was detected 
using autoradiography, the bands analogous to the uncleaved (full size) and 3' 
product were extracted from the 10% PAGE, denaturing 7M urea gel. The 
radioactivity was determined using a liquid scintillation counter and the cleavage 
percentage was determined and converted to the uncleavable fraction (Figure 
5/Table 1).
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F igure 5: Self-cleavage kinetics for wild-type and mutants of the sCYMV 
ribozyme. The uncleaved fraction is shown as a function of time. The unimolecular 
rate constant (k) and the uncleavable fraction (b) is determined by the equation: 
uncleaved fraction = [(l-b)(l-&kt)/kt]=b.
Each graph represents the rate of cleavage activity in each of the mutants.
CYMV1 - WT(Cs4:G11)
r2=0.79436571 DF Adj ^=0.58873142 FitStdErr=0.019313741 Fstat=3.8630021 
8  k= 1.7250742
b=3.4278596e-08
CYMV1 - As4:G11




































Table 1. Numerical values for the rate of catalysis, uncleavable fraction, and the 
decrease of catalytic activity relative to wild-type.
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Table 1: Kinetic Analysis for Cs4 and Gi i of sCYMVI 
mutation k (min-1) b (uncleaved fraction) kwt/kmut
wild-type 1.725 <.01
As4:Gii 0.112 <.01 15.5
Us4:Cn 0.037 0.816 47.4
Cs4:Aii 0.192 <.01 9.0
Cs4:Cn 0.077 .815 22.6
Cs4:Un 0.006 <.01 288.3
Gs4:Uii 0.320 0.08 5.4
Gs4:Cii 1.394 <.01 1.24
